Journal of Technical Physics. 20, 2. 213-225. 1979.
Polish Academy of Sciences, Institute of Fundamental Technological Research, Warszawa.

DYNAMICSAND ADIABATIC POTENTIAL OF IMPURITY DEFECTSIN NEAR-SURFACE
LAYER OF .4B,-TYPE STRUCTURES
PART I1. INTERACTION OF IMPURITY DEFECTSIN BOUNDARY LAYER WITH SURFACE MODES
OF LATTICE VIBRATION
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1. Introduction

One of the chief methods of invedigating the dynamic propetties of cystds ae the
spectroscopic measurements of impurited crystals. The point is to make use of the polaron effect,
that is the reaionship between the mechanicd properties of the crystd vicinity of the impurity and
its eectron date. What offers here specid experimenta posshilities is the optica andogue of the
Mosshauer's effect, i.e. the occurrence of a sharp line in the absorption spectrum, that corresponds
to the phononless trangition; both the frequency and the intengity, corresponding to this line, depend
directly upon the parameter that characterizes the interaction of the impurity valence-éectrons with
the crysd latice Measurements of this parameter within various ranges of temperature permit,
through the use of disperdon rdationships for the frequency, the basis dynamic parameters of a
crystd to be determined as well as the changes in the state of equilibrium of the atoms adjacent to
the impurity—that is a Satic deformation-of the crystd in the vicinity of the impurity [5].

The am of the present work is to condruct a semiphenomenologicd modd of interactions of
the impurities of both the surface and the boundary layer, with the surface modes of lattice
vibration, the modd being based on the adiabatic approximation. This modd will be employed for
determining the dependence of the interaction energy of the above mentioned impurities with the
lattice, upon the dynamic parameters of the surface modes. An effort will be made, usng the Car,
type sructure as an example, to plot the curves in the plane k (in the, vianity of a point of the
plane Brillouin's zone), these curves corresponding to the extreme vaues of the interaction energy.
This type andyss is of primary importance to the research practice, both in the fidd of
gpplications of acoustic resonance to, among other things, determining the optima parameters of
phonon amplifiers, and in quantum eectronics, under conditions where, in view of the form of the
active dement (eg. wafers) as well as the nature of amixturing, the mgor role is played by the
dynamics of both the surface and the boundary layer of the crystd [9)].

In the domain of research on the mechanical properties of the point defects of the impurity type,
this andyss permits the deformation to be determined of the admixture ambiance depending upon
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the temperature (by taking account of the datigtics of the phonon digtribution). The linear term of
the energy of interaction, with the single mode generated in the sample, defines the change in the
dae of equilibrium of vibration of the lattice points. It is in this sense that the actud interaction
depends aso upon the dynamic parameters <tf a stimulated disturbance [6,7].

In order to concretize our consderations we will confine ourseves to the case where the
electron date of the impurity is nondegenerate, which means that the deformation of the vicinity
of the subditutiond impurity is fully symmetricd. We shdl assume as wdl that the actud
electron/ion interactions are central.

The description of the dynamic aspect of the problem will be based on the results obtained in
Ref. [1].

Section 2 of the present peper contans the condruction of the above mentioned
semiphenomenologicd modd  of interactions. The vibraions on the acousic and the opticad
branch are dedt with separately. In view of the applications, the case of the long waves is given a
paticular condderdtion in the andyss In each variant the description of the interactions is
obtained through a sngle phenomenologicd parameter only.

In Sects. 3 and 4 the andyss is presented dong with the results of numerical caculations, as
well as with the gpplication to an actud structure and to the cutting of the surface.

2. Semi-Phenomenological Description of Interaction

The energy of interaction of the subgtitutiond admixture with any deformation of its crystd
environment in the linear and adiabatic approximation, may be written down in the form [6-7):

@1) Ve = 3Vl )P, 0 -l L, 0),
Iom oz
where |— lattice vector of lattice points in a local coordinates system connected with the impurity |’
= L+, L—podtion vector of the unit cdl containing the impurity in crysta coordinates-system (for
surface lattice- points Ls=0), k—numbers atoms (ions) of various sublattices, a — component.
The energy (2.1) is generated by the interaction of the vaence dectrons of the impurity with.
the lattice, in the modd of point ions [6]:
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being the charge densty of vaency dectron shel, e—actua ion charge, ead|r-Ri| defines the
potentid of eectron/ion interaction .
In the case where the deformations are stimulated by the surface wave, one obtainsfor (2.1)
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@2.3) VE= D [k, g3 Dualk, 453 ) =0,(0, 05 W) (K, gj; )] eFE-aiks,

Jom,
where k— disturbance wave-vector, g — decaying decrements, uplk, g; O0) — amplitude of jth
wave component, | == (1, I2), L = (L1, Lz)—vector projections from (2.1) upon the surface plane,
while
i = i JE . B yELPEti
(2.4) valk, g3 ) = ) Vall, by ) "=, (P = T4e3),

Ll
In the long-wave region for the waves on the acoudtic branch (where gk -> 0) -> 0), the
relaionship (2.3) takes the form:

(2.5) Vi D) Vall, Is; %) (kP — g 15) gk, g; #)eFE-0rts,

I_!:ﬂ!": o

It should be noted thet in the Jmit of k 0, V- vanishes. For the vibration on the optical branch g (k
->0) -> ¢; > 0and in the long-wave approximation, for the case under consideration below, where
the impurity is at the centre of symmetry of the cluster one obtains.

(2.6) valk, g3 %) = i D k+ PV, Iy; w)e=af,
I ly

Hence it follows in paticular, the the optica vibraion within the boundary k -> 0 yidds no
polaron effect ether. In the case where Cc; > 1 for the impurity of the boundary layer, the main
contribution to V" comes from the lattice-points of the complex, that are in the region between the
impurity and the crystad surface, and so, for the face (110) under condderation in [1], this
contribution is defined by the geometrica configuration of the lattice points with the symmetry Coy;
the relationship (2.1) becomes:

2.7) vi=i Y Val, Iy ke Mk, 45 %),
2, f, %0, =0

while the concrete redationships between the components of the amplitudes follow from the
solution (see [1]) to the dynamic problem for the surface modes of the lattice vibration.

On the above assumptions, the relationship (2.3) may be expressed in a more concrete form;
one obtains in the presence of:

R I3 %) = PF+jls, (= (0,0,1)),

N v i =eef T FamRoll, Lss LRI [W(F)|2dF
TR, = ,2‘ F= R, 15 %)

P
= o R k E]
w“z 20,19k | F—R({, I5; AP

consequently:
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Q8) | V= —ce, D kiR b (R, 43 0) +ika R, by )b, g5 %)
ENEY '
~ — |V(7)|*dr
~ g B3 Ly &, g3 ) [ —1= 0
e T T A TE
By confining oursdves to the first coordination zone (k = 1 denote then the structurd equivaents
of theionsF~ in CaF; [3]), on consderation of the fact that the factor

c_-r'-‘t."f--'-ﬂ'j Ly,

[ 1¥(r)|*dr

IF— R

is the same for the equidigant lattice points, in the case of the complex in question we ultimately
obtain:

{29} VL = ?nEIEEZ[fklu{(Es '!1:; l)'f'szu{{:%, t;{,'; l}—gjld'f:.(g,q!; I)JE_EJLJ,
J

where the notation is used:

_ eea* p |W(r)dr
e 2 J [F—R|?

The coefficient f, may be regarded as the phenomenologicd parameter, while  ; in (2.9) depends
solely upon the parameters of the surface wave.

V! is a scdar in the group of the cluster (of its symmetry), consequently the above relationships
may be expressed by symmetrized coordinates that are trandformed according to the irreducible
representations of this group. This permits the andysis to be smplified, in the contribution to V-
comes only from the representation G that satisfy the condition G [ G ?]g where G is the
representation of the electron state (basic or excited) of the impurity.

In particular, when the electron level of the impurity is not degenerated, the contribution to \/-
isgiven only by the full-symmetry representations A; [6], so that one obtains

(2.10) VE= Py D) Vally ly; 0T, 133 %) = Vi, Qu,

The concrete forms of (2.10) are presented below.

3. Application of the Moded to the CaF; - Type Structure. Results of Numerical Calculations

The numericd cdculaions for V- have been performed for the immediate vicinity of the point
k = 0 (in a sgquare (0.05; .005)). The equations from Ref. [1] lead (with the notation adopted
therein) to the following relationships between the amplitude ratios.

@D u}@ = ij; %(0) =7; g= lz (1._ mao’ )]_1.

0 B () P
u}(0) - P 5
11:}(0}‘ =i = gluj(e~™/*cosk, Y2 [4+e**chg; )2 [4)

—i Y23} e ™4sink, Y2 J4—)/'2 etilshg; 1/ 2/4],
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2 _ e B
3.1 %% = 57 = g[~1Y/2 e~ ™4sink, 2 [4+25)e~*4cosk, Y2 [4],
i

wi(@) . Y >
) = " = gl-V2 dletitshg Y2 [4+2e I chg, Y2 4],
u; (0) _ i} = g[if (™4 cosk, Y2 [4+e *ii4chg; /2 [4)
wi@© = 4 ! ’ :
+iY2 3} e*il4sink, Y2 [4+1/2 e ilshg,)/2 /4],
5O _ o gliy2 i} e™*sink, Y2 j4+25}e™ i cosk, Y2 /4]
wi(@) — J : 'i_ : ’
wi(0) . 5 = 2 = 2
wj © - wi = g[)'2 if e*si*shq; 2 [4+2e~*/4chg; 2 4],

E=l:"|{£"l:'lC1:'; 'I='/j:

The symmerization is performed in the point group C,, (corresponding to the operations parale to
the crysal surface). By caculaing the characters for the respective transformation classes on the
strength of the relationship:

£(R) = n,(+1+2cosg),

where ng — number of lattice points that do not change their position during the group operations
(f — angle of rotation, corresponding to the operation R, and making use of the rdaionship (R) =
Na o(R) s well as of the character tables of the irreducible representations of the group C,y, one
obtains the following didribution of the reducible representation D defined by the plane
configuration of the lattice points (i.e. in the plane of the impurity):
(3.2) D = 44,+34,+4B,+4B,,

The symmetrized functions of the displacements of aoms in this configuration, these functions

being transformed according to the irreducible representation G ae determined from the generd
dependence:

(3.3) o)y =N- Y IR R,
R

where s is numbers the various functions corresponding to the same representation, N—
normdizing coefficent determined from the condition of transformation unitarity. Writing down
(3.3) intheform

(3.4) 0ull® = 0°() = X' S, 0, 0, Du(D; (@ = S+ ),
. a1

one obtainsin the case under consideration
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The rdationship (34), for full-symmetry deformations defined by the surface mode of vibraions
[1]:
4
(3.6) () = D ulexpliki-g, 1],
J=1

after anumber of transformations, takes ultimately the form:
4
QU(d,) = 2dcosks /2 [Aw) Y (i} e/ —ip e~ ")),
Jj=1

4
QIZJ{-’{ 1) = Hdmﬂkz ]iifd-h'l 2 [{ﬁjz PRLITL R T}}e-li.,ri) I&'J].
(3.7 =
O (A,) = 2dcosk, )2 [dw} E; [} ™ 4 i) e~ %%y 0],
Jm
-I_|1 [
Q9(4,) = wh 3wy,
j=

For the configuration of the latice points of the first coordination zone, one obtains from the
subsequent lattice plane, respectively:

4
04 = dink Y [[exp (=g, VE )Y@ 4 e i8] ),
J=1

4
04, = diwiz I[‘“P‘{_?J }-’“ij'-l-}{ﬂ}e““"+ﬁf¢'"“-"}]w;},
(3.8) J=1

4
@(4,) = dyw} D [[exp (= gy V2 [4) (5] e* i+ i e~ i)y},
J=1
dy = 2712, )
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On the basis of Sect. 2, we have for V3a;

Bu.x[!“l ' - aug, |
3.9 Va(l" .!2 r,1 ( ) ;
(3.9) Z ) —oh 2 BP0
where:
W (P)|3dr
Pa =ee,,f _! ’_{ﬂ_[ i -
iF—R(I‘“, IJJIJ
and findly
V= —agl, VR =-ay2el, V=0,
(31B} V;{:l.} — e %{p‘:; V;{ZJ — ﬂ, V:‘(a} R ﬂ'lz-"rj- ;,

By putting (37) - (38) and (3.10) into the expresson (2.10) one obtains, after smple
transformations, the interaction energy for the surface impurity:

(3.11) V- =F, Z{[ ( k404 cosky V2 [4— - i -mi.r4-q,r’z"f4)+
+ ﬁl’.! (% E"itl'“‘ﬂ'_q‘fzf e”‘”“ﬂDSk; }/2 II|".|1_) + {ﬁ}el'klf4+ E—H;IM) i V/_ Sl]lkz '/2 |||r4+

+(Wj Eik‘ 'M"I"H f-ikilfll} . e- qJI.fI.H-] Wj}

where Fa = -2‘1?}& Wl,

The above expression concerns the case where the subgtitutional impurity isin the plane of the
geometrica surface (point O Fig. 2). Whereas in the Stuation where the above impurity takes the
position corresponding to the point 7, that iswhen it is positioned in
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FIG. 1. Configuration of the environment of the FIG. 2. Spatid ion-arangement in the impurity's
surface impurity at (110) face. environment.

the subsequent lattice plane, the effect is to be additiondly taken into account of the surface lattice-
points 6 and 7 in Fig. 2, as wdl as an gppropriate change in the amplitudes of the vibration mode.
Proceeding as above one obtains then:
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OMN(A,) = 2dwlcosk, P’E,M * eXp [f(klfi_kz lji;'d)] ,

4
w

X 2 [e=a, VIl (i} elksld— 77 o= ikeld) )],
j'::.l

(3.12) O®(4,) = 2diwisink, /2 f4exp[i(k,/2—k, /2 /4)]

4
x 3 [e=0VIH(5] ekilt .57 e=lkilf) )],
j=1

Q) (4,) = 2dwicosk, y'2 [dexp[i(k,/2—k2)/2/4)]

&
” 2 [e=9, V(7 elhil 4 3 e~ held) )],
=y

0®(4,) = wiexp[i(k,/2—k, 2 /4)] T{e-w_.r’zﬁwj)
;-

. 4
Q'(4,) = dywiexp[i(ky 2=k Y2 [4)] D) le-sVZR (et — i e~ ity w)),
i=1

(3.13) ’*2’(A1)—d1w4exp[:(k1f2 kﬂ/zm)]Z[e-m’m{ﬁ"e!h“+w}e-”= f‘)w;]
J=1

Q'™ (4,) = dywhexp [i(ki2—ka ¥/2 /4)] Z [e= 4V IR(53 ¥sld 4 i e~ sl ]
-1

QO,) = dywiep[i(k 2k T S (@ e,
! I-l

(3.14)  Q"D(4,) = d,wiexp[i(ki/2—k2y2/4)] D, )"’ [(@F erld+ GF e~ ki) wy],
,.I'HI.

i .
Q") 4,) = dywlexp[i(ky/2—k; Y2 [4)] Z [(W] et*ild 4 W e~ Hal8) wy];
J=1
where Q(GQ—coordinates symmetrized from the configuration of aoms in the plane of surface,
Q' (G@—from the configuration (8,9), Q" (GQ—from the configuration (6,7).

Appropriate magnitudes of Vg and V' are identica to those presented in (3.9), while V'’ =
V' Findly, instead of (3.11) one obtains here:

(G45) V.=Vt = Fexpli(k./2- .fm/z;at)]zu elku/d- #;F’_Mcosk;l/Z m
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(3.15) - % E-!kd-i—#‘_,ﬁ.fd-) + i} (_i_ eikild=a,VZ 14— o= tkil4-a,VZ14 cosk, V2 /4

|cont.}

1. § = o —
g }e"’““+Tuf‘ A4 (G7 etkalé4 G e~ k14) 1)/2 sink, ]/ff-fl

o Vi o3
+{W}£M‘:H+wjze—fklf4}T g'ﬂ'_flr'rz.f‘_ {w}eikiﬂ_]_wfe—"ﬁ'l“}.T Wj}-

4. Reaults of Numerical Calculations. Conclusions

The results, presented below, of calculations based on dependences (3.11)-(3.15), concern the
optica branch of the surface mode in the intervd (0 - 0.05) ki and k» since the acoudtic branch
yiddsin this region k no perceptible changesin V*.

Figures 1 and 2 illugrate the gppropriate configurations of the ambiance of the surface impurity
a (110) face, the displacement of this impurity in the subsequent lattice plane being marked, and
the spatia arrangement of ions of the impurity's environment for both cases under consideration.

Figures 3 and 4 represent the sections of the surface Vv, (ki, ko) for afew planes ko == congt.
while Figs. 5 and 6—the vaues of v, mfunction of k,, calculated for the optimal Kj.

| ¢
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0 7t
Elflr-'
4
/
ﬂg‘_
ool G0z Go3 004 005 K7 —aor Q02 aw 007 Q05 kI
FIG. 3. The section of the surface Vi (K1, k2) for FIG. 4. The section of vn(ky, k) surface for ko
kz = const. Solid curves—impurity on =0.03; 0.05and R = 10.

geometrical  surface,  pecked  curves—
impurity in the near-surface layer.



222 S. Kaczmarek and J. Kapel ewski

The curves k(ki) in Figs. 711, define the vectors k that correspond to the maximum values of
vL (the solid line denotes the man maximum, while the pecked lines—the locd minima and
maxima).

The caculation results presented lead to the following genera conclusions:

1. There are curvesin the plane k, for which v assumes extreme vaues.

2. The vaues of v, for the antifluorite structure are appreciably higher then the corresponding
vauesfor the fluorite structure.

—_

bl of

A T T

FIG. 5. v, vdue in funcion of k, for the

FIG. 6. V. vdue in function of kp
optima ki; R= 211 for the optima ki1; R=4.61; 7.23;
10; 0.4.

3. In the explored region k there are two local maxima of the same order of magnitude for the

antifluorite dtructure, while for the fluorite structure one of the locad maxima clearly exceeds the
other ones.

4. The v, vauesthat are maximum in the near-surface layer correspond to the impurities that
are placed on the geometrica surface. We have demonstrated that:
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FIG. 7. Curves in the plane k, corresponding to FIG. 8. Curves in the plane k, corresponding to
the extreme values of the interaction energy for R= the extreme values of the interaction energy for R
04. =2.11.

a) There is the posshility of controlling the effect of acoudtic resonance in order to obtain the
maximum coupling between the surface mode and the dectrons of the impurity.

b) The most intensve interaction with the surface modes of the lattice vibration is that of the
impurities on the very surface (also within the first periodicity-layer).

c) In the case of the surface under andyss the coupling is the grestest for the anti-fluorite
structure.
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FIG. 9. Curvesin the planek, corresponding to the FIG. 10. Curvesin the planek, corresponding to the

extreme values of the interaction energy R = 4.6. extreme values of the interaction energy R=7.23.
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FIG. 11. Curvesin the plane k, corresponding to the extreme values of the interaction energy for R==10.
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Streszczenie

DYNAMIKA | POTENCJAE ADIABATYCZNY DEFEKTOW DOMIESZKOWYCH W WARSTWIE
PRZY POWIERZCHNIOWEJ STRUKTUR TYPU AB,

CZ. 1l ODDZIAEYWANIE DEFEKTOW DOMIESZKOWY CH W WARSTWIE BRZEGOWEJ
Z POWIERZCHNIOWYMI MODAMI DRGAN SIECI

Praca zawiera analizé wp3ywu powierzchniowych modéw drgafi sieci na mechaniczne w3asnocei domieszek
substytucyjnych warstwy brzegowsj. Jgj przedmiotem jest konstrukcja modelu p63fenomenol ogicznego, opisuj!cego
zale¢nocediniowego cz%onu energii oddziadywania od wektora falowego drgai.

Obliczenia numeryczne wykonane dla kryszta®dw o strukturze fluorytu o powierzchni (110) wykazuj!
rezonansowy charakter oddziadywania modéw na gaézi optycznej w obszarze diugofalowym. '

Uzyskano krzywe w plaszczy Yhie A', odpowiadaj ce maksymalnej oraz minimalnej energii oddziadywania.
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